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Abstract 
Local fatigue approaches, as for example the notch base approach, evaluate fatigue strength on the basis of strain controlled 
fatigue tests in conjunction with elastic plastic stress strain analyses of component structures, considering crack initiation as 
fatigue criterion. In case of constant amplitude loading, a cyclic stabilisation of the material behaviour is assumed, neglecting 
transient effects of cyclic straining at the start of the lifetime. Under variable amplitude loading, this simplification may not be 
valid, as the influences of load cycles of different magnitude on the material behaviour have to be carefully examined employing 
appropriate testing methods, such as incremental step tests, for the generation of cyclic material parameters. Moreover, the 
fatigue life estimation under variable amplitude loading with local approaches may lead to large calculation times due to the 
necessity of non-linear finite element analyses for the damage evaluation of each load range within the rainflow counted load-
time history. A combination of the local approach with the nominal stress approach to a material based approach allows the use 
of the linear damage accumulation hypothesis according to Palmgren-Miner, thus substantially reducing the numerical effort for 
fatigue life estimation under variable amplitude loading. Although the local approach yields a reliable method for transferring 
material parameters from the specimen to the component geometry with the help of elastic plastic finite element analyses, the 
consideration of the effects of component size on fatigue life remains a complex objective. The presented work aims to convey a 
further development of the material based approach, including a proposal for the evaluation of mechanical and statistical size 
effects in the fatigue life estimation of components under variable amplitude loading. 
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Nomenclature 
A stressintegral over the Area according to Böhm  
b cyclic fatigue exponent 
bi shape parameter of the survival probability distribution according to Weibul,  
indices: (V) in stress direction, (n) in cycle direction 
c cyclic ductility exponent 
dV infinitesimal volume element 
Di damage sum, indices: (c)haracteristic, (s)pectrum, (t)heoretical 
E Young’s Modulus 
H sequence length of the load spectrum 
HBV90% highly stressed volume 
k/k* slope of the S-N-curve before/after the knee point   
Kt notch factor 
Kf fatigue notch factor 
Kf
’
 cyclic ductility coefficient 
n’ cyclic hardening exponent 
Ni cycles, indices: (r)upture, (k)nee point, (c)omponent, (s)pecimen 
M mean stress sensitivity 
Ri load ratio, indices: (F)orce, (V) stress, (H) strain  
Pi damage parameter, indices: (B) according to Bergmann, (SWT) according to Smith, Watson, Topper 
V Volume 
Hi strain amplitude, indices: (a)mplitude, (m)ean
Vi stress, indices: (a)mplitude, (l)ocal, (k)nee point, (m)ean, (n)ominal 
V* maximum local stress (weakest link approach) 
F* related stress gradient 
1. Introduction 
Reduction of time to market requires a lean virtual product development process, which is based on a 
computational fatigue life design. Suitable fatigue design approaches have to cover a profound implementation of 
the influence of component related cyclic material behaviour on the fatigue life as well as an appropriate evaluation 
of the load-time-history. State of the art fatigue assessment approaches for the dimensioning of components under 
variable amplitude loading can be divided into global approaches, such as, for example, the nominal stress/load 
concept, and local approaches such as the elastic-plastic notch base concept [1]. Within a research project, examples 
of both types of fatigue design approaches were investigated with regard to their requirements, limitations, efficiency 
and quality of the fatigue life assessment. Based on the results of a comparison between different fatigue design 
concepts, a new approach was developed, combining the advantages of both global and local approaches.  
Although acceptable transferability from the specimen to the component geometry could be achieved, a thorough 
investigation of the size effects and possible interfaces in the fatigue assessment algorithm promised to grant a 
valuable improvement of the material based approach. An evaluation of existing transfer concepts in the nominal 
stress approach and related approaches, such as the elastic notch stress approach, was used to determine the basic 
features, assumptions and limitations of each concept. The application of fatigue design approaches with elastic-
plastic material behaviour generally does not exclude a consideration of size effects. An investigation on possible 
types of size effects and interfaces in the fatigue design algorithm has shown potential for improvement. 
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2. Global and local fatigue assessment approaches 
Experimental determination of fatigue strength and the characterisation of the cyclic material behavior marks the 
starting point for both approaches, as shown by the flowchart in Fig. 1.  
The local approach requires the determination of the cyclically stabilised stress-strain curve according to 
Ramberg and Osgood [2] as well as the strain-life curve according to Basquin, Manson, Manson and Morrow 
[3,4,5,6]. Using strain controlled fatigue tests with constant and variable amplitude loading at a load ratio of RV=-1, 
typical test programmes consist of 12 to 15 single tests. The material characterisation for the global approach has to 
include at least the determination of the influence of stress concentrations, mean stresses and component size with 
force controlled tests. Regarding a consideration of size effects, for example through the approach of the highly 
stressed volume according to Kuguel [7], at least three different geometrical configurations should be included in 
the experimental investigation of the fatigue strength. Conventional experimentation programmes comprise tests on 
notched and smooth specimens at load ratios of R=-1 and R=0 under constant and variable amplitude loading for the 
determination of the Wöhler and Gassner curves, resulting in large testing ranges of 80 to 100 specimens. 
Concluding the material characterization, all determined parameters have to be transferred from the specimen to the 
component geometry in order to derive either the damage parameter S-N curve in case of the notch base concept or 
the component S-N-curve in the case of the nominal stress/load concept.  
 
Fig.1: schematic diagrams of fatigue design with the notch base and nominal stress concept 
 
The size effects that are to be considered during fatigue assessment with nominal stress concept can be divided 
into statistical, mechanical or geometrical, process related and surface treatment size effects, according to Kloos [8]. 
In case of a draft design the ladder both effects can be neglected, as reliable information about the real influence is 
generally not available during the virtual product development stage. Besides the critical state of information, the 
evaluation of the mentioned size effects is aggravated by the superposition of different types of size effects to a 
single accumulated size effect within components under service loading. In this respect, a strict separation of 
different size effects affords a very profound planning of their experimental investigation. But even if reliable data 
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for the consideration of each size effect is available, the complex interactions between them may impede a suitable 
numerical superposition within the fatigue life design.  
The nominal stress/load concept evaluates the fatigue life under variable amplitude loading using the damage 
accumulation hypothesis according to Palmgren and Miner [9,10,11,12] on the basis of a component S-N-curve that 
has to be derived from the material’s fatigue parameters using transfer concepts. If a notch factor can be determined 
analytically or numerically, the stress gradient approach, developed by Siebel and Stieler [13], provides a simple 
way of transferring the fatigue parameters from specimen to component geometry. If neither a notch factor Kt nor a 
critical cross section can be defined, the method of the highly stressed volume HBV90% [7,14] allows an 
approximation of the fatigue strength for complex shaped components employing linear elastic finite element 
simulations.  
Having derived the component S-N-curve from the material’s fatigue strength parameters, the damage 
accumulation using the Palmgren-Miner rule concludes the fatigue life assessment for variable amplitude loading. 
This step requires a classification of the load-time-history using rainflow counting to capture Masing and Memory 
behavior within the stress-strain path [15]. Load spectra with alternating mean stresses have to be transformed to a 
uniform load ratio using amplitude transformation with the mean stress sensitivity M [16]. 
The fatigue design approach of the notch base concept rests on the assumption, that the cyclic stress-strain 
behaviour as well as the fatgue strength properties for the lifetime to crack initiation is related to an infinitesimal 
material volume. It is presumed, that the fatigue and stress-strain behaviour of the infinitesimal volume may be 
transferred to arbitrary geometries and loading situations. The local stress-strain state for components with complex 
geometry is calculated using elastic-plastic finite element analyses. From the numerical results, fatigue life under 
constant amplitude loading including the effect of mean stresses can be determined using damage parameters 
according to Bergmann (PB) [17] or Smith, Watson, Topper (PSWT) [18]. The estimation of fatigue life under 
variable amplitude loading requires a piecewise numerical investigation of the stress-strain path, taking into account 
influences of, transient material behaviour and loading sequence. 
The requirements regarding the fatigue strength of a component during the design process have to be derived 
from the load assumption that is based on external loads rather than an internal stress-strain state in most cases. In 
this respect, the nominal approach has consinderable advantages compared with the notch base approach, because 
external loads are easy connectable to the nominal stresses and can be directly used as an input parameter for the 
fatigue design. Estimating fatigue life under arbitrary load spectra is a simple tast, employing the linear damage rule 
according to Palmgren and Miner. 
In the notch base approach, the relation of an external load to the internal stress-strain state affords a nonlinear 
calculation on basis of the component geometry and the cyclic stress-strain curve according to Ramberg and Osgood 
[Ramberg]. A load assumption based on external loads has to be transferred to the local stress-strain system in order 
to be accessible to a damage accumulation. Although the notch base approach has distinct advantages regarding the 
transferability of fatigue strength parameters to different geometries for constant amplitude loading, a stepwise 
elastic-plastic finite element analysis of the stress-strain path under variable amplitude loading bears no relation of 
the possible improvement in the precision of the fatigue life estimation compared with the numerical effort. 
3. Material based approach 
The intention of the material based approach is to use the excellent properties of the notch base approach 
regarding the transferability, while staying in a load based system for the fatigue assessment under variable 
amplitude loading. This is achieved by combining elements of the notch base approach with the nominal load or 
nominal stress approach and results in a reduction of both the numerical and experimental effort Fig. 2 shows the 
schematic diagram of the fatigue assessment algorithm. 
The material characterization includes the qualitative assessment of the slip behaviour and the determination of 
the cyclic stress-strain curve according to Ramberg and Osgood [2] as well as the derivation of the strain-life curve 
according to Basquin, Manson, Coffin and Morrow [3,4,5,6]. Based on the cyclic material properties, elastic-plastic  
finite elemente analyses are used to calculate the stress-strain state at different load levels. For constant amplitude 
loading with load ratios of RL=-1 the cycles to crack initiation can be determined directly from the strain-life curve. 
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For constant amplitude loading with RL≠-1, the use of damage parameters accounts for mean stress effects in the 
strain-live relation. 
The results of the numerical fatigue life estimation are then transferred to a load based system by plotting the 
external load, which was used for the finite element simulations, versus the cycles to crack initiation and thus 
deducing a material based S-N curve. The material based S-N curve is not necessarily equivalent to the S-N curve, 
derived from load controlled tests. 
 
 
Fig. 2: schematic diagram of the material based fatigue design method 
 
 
The material based component S-N curve is settled in a load-lifetime system, similar to the nominal load system, 
and may be used for the application of damage rules for the estimation of component fatigue life under variable 
amplitude loading. Therefore load spectra are deduced from the load-time history by using the Rainflow-counting 
Method to implement a consideration of Masing and Memory behaviour in the fatigue life assessment [15]. The 
component S-N curve for variable amplitude loading is then derived by damage accumulations for load spectra with 
different scaling. 
4. Methods for implementing size effect considerations in load based fatigue assessment approaches 
For the implementation of geometrical and statistical size effects in fatigue life assessments with linear-elastic 
global fatigue assessment approaches, two methods, which are easy to use and applicable to arbitraty complex 
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geometrical configuration and load situation seem appropriate. The weakest link approach according to Weibull 
deduces the reduction in fatigue strength from the conceptual model of an infinitesimal small volume element, 
possessing a certain probability of survival, of which the probability density function may be described using a 
Weibull distribution. Employing simple statistics, the probability of survival of arbitrary material volumes is 
estimated by integration over the volume, see Fig. 3. For a constant probability of survival the fatigue life or the 
bearable load amplitude can be estimated by resolving the equations given in Fig. 3 for the maximum stress V*. 
 
Fig. 3: transferring survival probabilities from specimen to component geometry with the weakest link approach 
 
The concept of the highly stressed volume, Fig. 4 according to Kuguel [7] with modifications according to 
Sonsino [13] accounts for geometrical and statistical size effects at the same time. Basis of the implementation of 
size effects is a volume integral over the component region in which the local stresses exceed 90% of the 
maximum local stress.  
 
Fig. 4: using the HV90%
 approach for estimation of component S-N curves 
395 Matthias Hell et al. /  Procedia Engineering  133 ( 2015 )  389 – 398 
In contrast to the weakest link approach, which is applicable on the basis of test results for unnotched 
specimens, the highly stressed volume approach requires S-N curves for constant amplitude loading for at least 
two different geometrical configurations.  
The algorithm for fatigue assessment starts with the estimation of the highly stressed volume HV90% within the 
component, using a linear-elastic finite element analysis, see Fig. 4 a). The local stress amplitudes Va,l, taken from 
the S-N curves for specimens with different geometry for given numbers of cycles to rupture NR, Fig. 4 b), are 
plotted versus the highly stressed volume HV90% and the Va,l-HV90% relation can be estimated for constant 
numbers of cycles to rupture Nr, Fig. 4 c). With the Va,l -HV90% relation for different numbers of cycles to fatigue, 
the local stress amplitudes Val can be calculated for the component, thus deriving a component S-N curve. As Fig. 
4 c) shows, the HV90% approach will allow a limited approximation of the experimental S-N curve, but neither the 
slope nor the knee point entirely match with the experimental results. 
 
5. Size effects in local approaches 
The size effects within the local elastic-plastic approaches as for example the elastic-plastic notch base 
concept or the material based approach differ from those, being observed within the nominal stress approach and 
related approaches on basis of a linear-elastic material behaviour. Fig. 5. shows an overview of possible size 
effects and implementation interfaces within the fatigue assessment algorithm of the material based approach. 
 
Fig. 5: size effects and their implementation in the material based approach 
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   Two main types of size effects seem apparent whithin the material based approach. There are three different 
geometrical or mechanical size effects. The first one is a scale dependency of the cyclic material behaviour, that 
has to be implied, using appropriate testing techniques and an in depth material characterisation regarding slip 
behaviour for example. The second size effect is a geometrical size effect in terms of the notch support effect. 
This size effect results from local plasticiy being captured in an elastic surrounding within the component. This 
size effect can be implemented using finite element analyses for the determination of the stresses and strains.  
Another mechanical size effect is based on the relation between external and internal load ratio. For stress 
strain states with a gradient, the load ratio at the maximum stress region differs from the global load ratio. This 
effect has to be implemented expecially for loading with load ratios RL≠-1. The implementation of this size effect 
can either be done correcting the damage parameters or whithin the amplitude transformation of the load 
spectrum.  
The statistical size effect concerns the transition from specimen to component geometry. With a few 
modifications the weakes link approach according to Weibull is also suitable for the implementation of the 
statistical size effect within local approaches. Regarding the fatigue criterion, which is in fact crack initiation, the 
size dependency of the fatigue strength correlates with the size of the highly stressed surface.  
6. Exemplary estimation of fatigue life 
For a notched specimen with a stress concentration factor of Kt ≈ 2,08 made of 42CrMo4 heat treatable steel 
the fatigue life under constant amplitude loading with a load ratio of RL=-1 was estimated using finite element 
analyses on basis of the cyclically stabilized stress-strain curve according to Ramberg and Osgood [2] and the 
strain-life curve according to Basquin, Manson, Coffin and Morrow [3,4,5,6]. Having thusly included the 
mechanical size effect in terms of the macroscopic notch support effect, the statistical size effect was accounted 
for, using the weakest link approach. Therefore Eq. 1 was used, which includes different modifications of the 
original Weibull approach according to Böhm [19].  
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As reliable data for the shape of the survival probability distribution was not available, an estimated fatigue 
scatter of TV=1:1,10 was used. A simple approximation according to Haibach [20] allows an approximation of the 
shape parameter bV of the Weibull distribution, Eq. 2.  
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The parameter bn can be derived, using the slope k of the S-N curve according to Eq. 3. 
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k
bbn V    (3) 
The integration of the area integral was carried out employing finite element analysis. Fig. 6 shows the results of 
the fatigue life estimation with the material based approach including considerations of geometrical size effects and 
statistical size effects in comparison with the experimental results. The numerical S-N curve determined with respect 
to geometrical size effects already yields a acceptable approximation of the experimental results concerning the 
slope, yet underestimating fatigue strength marginally. Taking into account the statistical size effect through the 
weakest link approach grants a suitable correction of the numerical S-N curve towards the experimental S-N curve. 
 
 
 
Fig. 6: fatigue life estimation for notched specimens made of 42CrMo4+QT 
 
 
 
7. Conclusion 
The fatigue life estimation with the material based approach and considerations of size effects shows acceptable 
results regarding the approximation of experimental results. Without consideration of the statistical size effect, the 
derived S-N curve is slightly conservative. Implementing the weakest link approach, wich has proven suitable for an 
application with local elastic-plastic approaches under certain assumptions regarding correlational entities, improves 
the fatigue life estimation. 
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